On a sequence of soils developed under similar vegetation, temperature and precipitation conditions, but with variations in mineralogical properties, we use organic carbon and 14 C inventories to examine mineral protection of soil organic carbon. In these soils, 14 suggests that this process is a more significant control on organic carbon storage than previously thought.
Introduction
Human use of fossil fuels has increased the atmospheric CO 2 concentration beyond levels observed in more than the last four glacial cycles [Barnola et al., 2003] , and some, but not all, components of terrestrial ecosystems are capable of absorbing a portion of this carbon. The soil organic carbon (OC) pool is of particular interest because it is at least twice as large as the atmospheric CO 2 pool and annually exchanges ~60x10 6 tons of carbon with the atmosphere via the terrestrial biosphere [Amundson, 2001] . The amount of soil OC and its turnover time depends in part on the soil's protective capacity; that is, how much carbon the soil is capable of sequestering [Baldock and Skjemstad, 2000] . Soil protective capacity is a function of ecosystem characteristics, climate, geomorphology, and soil mineralogy [Baldock and Skjemstad, 2000; Jenny, 1941] .
Mineralogy plays a significant role in carbon storage because interactions with mineral surfaces effectively transfer OC from the rapid atmosphere-biosphere carbon loop to the more slowly cycling stable soil carbon pool. The soil dissolved organic carbon pool (DOC, material which passes an approximately 0.45 µm filter) is the intermediary in many of these reactions (see, for example, [Kaiser and Zech, 2000] ). In some cases the process of mineral sorption renders DOC almost completely inaccessible to microbial decay, increasing its turnover time to thousands of years; in other cases, interactions with soil inorganics may only slightly slow turnover [Guggenberger and Kaiser, 2003; Trumbore, 1997] . Mineral-organic interactions are particularly important because they bind up a significant fraction of the soil carbon pool, and their mechanisms of storage are intimately linked to the behavior of the soil DOC pool. Because the production of mineral-bound OC is connected to soil DOC production and transport, the stability of this mineral-bound pool may be vulnerable to hydrological and ecological changes. An accurate assessment of the size and storage mechanisms in the mineral-associated soil OC pool will allow us to better understand its response to climate change. One parameter essential to understanding mineral-OC interactions is carbon turnover time. Radiocarbon is an essential tool in tracking soil carbon storage mechanisms, because in many cases it is a direct measure of OC turnover times.
OC-mineral interactions are strongly driven by weathering processses. At first glance, this can be understood simply as a surface area phenomenon: weathering produces clays with much higher surface area than primary minerals, and those clays are more likely to have carbon sorption sites [Mayer, 1994] . However, surface sorption does not sufficiently explain organic carbon content in a number of systems [Mayer, 1999; Mayer, 2001] , suggesting that weathering-related controls on carbon storage are more complex and likely related to the mineralogy and surface chemistry of secondary clays [Chorover et al., 2004; Guggenberger and Kaiser, 2003] .
In humid regions where many soils are low in exchangeable calcium, soil OC content can be related to iron and aluminum concentrations, and in some cases soil OC protection is specifically related to the concentration of two classes of Fe and Al compounds produced as metastable intermediates during the process of soil weathering [Kaiser and Zech, 2000; Percival et al., 2000; Torn et al., 1997] . In these two cases, carbon-protecting mechanisms are related to 1) the presence of Al 3+ and Fe 3+ ions and 2) amorphous inorganic Al-Si compounds. Ca 2+ is related to carbon storage in neutral to alkaline soils through a mechanism similar to that of the Al 3+ and Fe 3+ ions. Fe [Kaiser and Zech, 1996] ). We abbreviate these chelated metal ions as Fe py and Al py , and, when summed, as S py . In a second type of reaction, release of Fe, Al, and Si during weathering of primary minerals leads to formation of metastable oxyhydroxides (often called 'noncrystalline minerals' or 'noncrystalline compounds') that have short-range crystal order, are highly hydrated, and tend to react with organic molecules to form innersphere bonds [Stumm, 1992] . Extraction of soils with ammonium oxalate measures the concentrations of both Al and Fe in these noncrystalline compounds and also in organometal complexes; the difference between S py and this measurement provides an approximation of the non-crystalline compound concentration alone. We abbreviate the non-crystalline concentration of Al and Fe as Al ox-py and Fe ox-py and, when summed, as S ox-py . In some soils very high in non-crystallines, Al ox and Fe ox alone can be used to estimate non-crystalline mineral concentrations [Percival et al., 2000] .
Although higher concentrations of organo-metal complexes and noncrystalline compounds have been related to increased soil carbon inventory [Percival et al., 2000; Powers and Schlesinger, 2002; Torn et al., 1997] and DOC sorption [Kaiser and Zech, 2000] , only noncrystalline compounds have been related to soil carbon turnover time, and only for soil formed on volcanic parent materials [Torn et al., 1997] . The distinction between inventory and turnover time is significant in understanding carbon protection; a mechanism which causes a large inventory and rapid turnover is not as good at carbon protection as one which causes a large inventory and slow turnover. Controls on inventory and turnover do not necessarily co-vary, either; a particular mineral may be highly reactive with OC, thus slowing OC turnover, but if present in low concentrations, it results in only slight increases in OC inventory. Carbon storage is most effective when inventory is high, turnover is slow, and the mechanism of OC storage is not saturated.
Although organo-metal complexes and noncrystalline compounds co-vary with carbon inventory, little is known about the direct effect these compounds on the turnover rates of soil carbon. This study addresses the relationship between the dependent variables carbon inventory and carbon turnover time and the independent variables organo-metal complexes and noncrystalline compounds in a series of humid, grassland soils formed on sandstone parent material.
Site Description
Through the Quaternary, changes in sea level have combined with tectonic uplift to produce wave-cut marine terraces along the west coast of North America. We sampled soils formed on terraces south of Eureka, CA, close to the mouth of the Mattole River (see Fig 1) . These terraces are gently sloping bedrock straths that are covered by 1-3 m of beach deposits. Compared with the surrounding hilly landscape, the planar terrace surfaces are minimally eroded, leading to long periods of uninterrupted soil development characterized by substantial changes in soil properties such as clay content and mineral composition. These terraces range in geologic age from 3.9 to 240 ka [Merritts et al., 1991; Merritts et al., 1992] . Soil parent material is arkosic sandstone, siltstone, and shale.
For discussion of soil mineralogy, see [Merritts et al., 1991] . Carbon storage at this field site was first discussed by Chadwick et al. [Chadwick et al., 1994a] . [Chadwick et al., 1999; Vitousek et al., 1997] .) Finally, chelated organics (S py ) and noncrystalline compounds (S ox-py ) frequently develop concurrently. The Mattole terraces are an ideal sampling site for deconvolving metastable intermediates from generalized soil development because this series includes soils from periods of both ingrowth and loss of metastable minerals, neither of which co-vary with soil clay content at these sites.
Additionally, the individual forms of metastable intermediates, as represented by S py and S ox-py , do not covary.
Methods
Soils were sampled by horizon down to the bedrock strath; soil depths ranged from about 1 to 3 m. A total of seven profiles were sampled from terraces whose ages have been previously estimated as: 3.9 ka, 29 ka, 40 ka, 118 ka, 124 ka (sites a and b), and 240 ka [Merritts et al., 1991] . Samples were air-dried and sieved to 2 mm prior to analysis. As part of earlier studies, aliquots were analyzed for mineralogical properties [Merritts et al., 1991; Merritts et al., 1992] et al., 1971] ; 2) iron and aluminum released by the extracting solutions were measured using atomic absorption spectroscopy; and 3) clay percent was measured by sedimentation using the pipette methods (Soil Survey Laboratory Staff, 1992) . Dithionitecitrate extractions measure Fe d , which represents all pedogenic iron, both crystalline and non-crystalline. Bulk density was measured using a core sampler.
Kaolin, smectite, vermiculite, mica, and total interlayer minerals were quantified in the clay fraction of these soils using a combination of wet chemical and x-ray diffraction methods. After removal of OC via H 2 O 2 oxidation [Jackson, 1968] , clay was separated from sand and silt via wet sieving and repeated centrifugation and decantation [Jackson, 1968] . The following clay components were determined gravimetrically after sequential selective dissolution and analysis of the extracts by atomic absorption spectroscopy (AAS) for SiO 2 , Al 2 O 3 , and Fe 2 O 3 as appropriate: noncrystalline (ammonium oxalate, pH 3.0 in the dark), free sesquioxides (sodium dithionite -sodium citrate), poorly crystalline (0.5 M sodium hydroxide boiling for 2.5 minutes), Al-hydroxy interlayer minerals (aka chloritic intergrade minerals) (heating at 300 °C and boiling with 0.5 M sodium hydroxide for 2.5 minutes), kaolin (kaolinite plus halloysite) (heating 550 °C and boiling with 0.5 M sodium hydroxide for 2.5 minutes) [Alexiades and Jackson, 1966; Jackson, 1965; Jackson, 1968; Jackson et al., 1986] . Vermiculite was determined by the rubidium fixation method [Ross et al., 1989] , mica by back calculation using total potassium data, and smectite from the cation exchange capacity of samples treated with potassium to block the interlayer cation exchange capacity [Jackson et al., 1986] . The chlorite content determination was based on weight loss between 300 and 950 °C after allocation of OH-water to the other hydrous minerals determined [Alexiades and Jackson, 1966] . All mineral data have been previously reported [Chadwick et al., 1994b; Merritts et al., 1991] , except for the clay mineral analyses (D. Hendricks, unpublished data).
For %C, %N, and carbon isotopic measurements, <2mm soil samples were gently ground with a mortar and pestle. Percent C and N values reported here were measured on a high temperature combustion C/N analyzer. Samples for 14 C analysis were combusted in quartz tubing with CuO and Ag. The resulting CO 2 was recovered cryogenically, then converted to graphite via reduction over an Fe catalyst, and finally measured for 14 C by accelerator mass spectrometry (AMS) [Vogel et al., 1987] . Prior to graphitization, CO 2 splits were taken for δ 13 C measurements and all 14 C values are corrected for 13 C (a standard technique to remove effects of biological fractionation on 14 C data, see [Stuiver and Polach, 1977] ). In these humid environment soils, carbonates were non-existent and no acid pretreatment was required prior to elemental or isotopic analysis.
We calculated carbon and mineral inventories and carbon-weighted average 14 C signatures for each terrace by integrating over the top meter, where the vast majority of carbon is stored (Table 1) , and for individual horizons (A, AB, and B -data not shown).
Carbon inventories (C tot ) were calculated as:
where ρ = horizon bulk density in g/cm 3 and h = horizon thickness in cm. Profile mineral inventories were calculated similarly. Carbon-weighted average 14 C signatures were calculated as:
where FM = the 14 C signature of each horizon reported as fraction modern, and where the radiocarbon signature of the atmosphere in 1950 had an FM = 1.000 (for details on reporting of 14 C, see [Stuiver and Polach, 1977] This series of soils has been studied previously as a chronosequence, and it has been shown that clay content increases with time. Percent OC also changes with time, increasing rapidly from the 3.9 ka to the 29 ka terraces, and continuing to increase at a slower rate in the more developed terraces. With time, these soils become progressively more weathered, becoming depleted in base cations and Si relative to Al and Fe. Clay mineral suites also change, and the amounts of pyrophosphate-and oxalate-extractable Al and Fe vary, reaching maxima at the intermediate-aged terraces [Merritts et al., 1991] .
Our approach is to use this chronosequence as a suite of soils with different mineral compositions, but controlled for parent material, ecology, and climate. Our primary focus is on the mineral composition of the soils, to better understand the influence of mineral development on soil OC movement and storage. In this analysis, we have added two profiles (124b ka and 118 ka) which were excluded from the original chronosequence because they may have experienced geomorphic processes (likely erosion or deposition of alluvial or windblown material) which reset their mineralogical development to an earlier stage, precluding their use in previous strictly chronological studies. However, these sites retain the parent material, ecology, and climate controls necessary for our study and since we do not require an absolute chronology, we were able to include these samples here.
Results
As previously reported, clay mineral concentration increases with increased terrace weathering [Merritts et al., 1991; Merritts et al., 1992] . By contrast, the concentrations of S py and S ox-py peak in the intermediately weathered soils and decline in the most weathered profiles [Merritts et al., 1991; Merritts et al., 1992] . Soils formed on the two least developed terraces are mineralogically different from the other terraces: the least developed soil profiles are dominated by the sand-size particles and primary minerals that characterize the present beach sand, whereas other profiles are dominated by variable amounts of residual weathering products (silicate clay minerals, S py and S oxpy ).
A. Carbon and radiocarbon inventories
For the top meter, carbon inventories were lowest in the soil profile that had the most intact primary minerals and the least soil-formed clays (3.9 ka). This profile also was least effective at long-term carbon storage as measured by weighted FM (Fig 2a,b) . This is consistent with both the low clay/high sand inventories of this profile and the low inventories of organic-binding Al and Fe complexes (Tables 1 and 2 ). Carbon inventories peak and weighted 14 C inventories reach a minimum in the soil profiles sampled from the intermediate-age terraces (118ka and 124ka), although there are significant variations between the soil profiles sampled on the 124 ka terrace. There is a net decrease in soil carbon storage and a net increase in soil 14 C inventories between the profiles on the 118 ka terrace and the 240 ka terrace, suggesting that these soils' sequestration potential declines after the mineralogical development stage exhibited on the 118 ka terrace.
B. Mineralogical correlations with OC storage
In the top meter of the Mattole soils, organic matter content and weighted 14 C inventory correlate significantly with Al py and Fe py , with correlation coefficient R values > 0.9 and p values close to or less than 0.1% (where p is the probability of exceeding R in an uncorrelated set of samples, see Table 2a and 2b). We also tested the correlations between FM and OC inventory and other common mineralogical measurements, as well as the relationship between OC inventory, weighted 14 C inventory, and clay content. We tested correlations between OC inventory and a suite of minerals present in the clay fraction of these soils (smectite, vermiculite, mica, kaolin, and total interlayer minerals).
In the top m, we saw no other significant correlations with variables besides Al py and Fe py (Table 2a ). Finally, we tested correlations on a horizon basis (A, AB, B) rather than a depth integrated basis (for example, Al py vs. C tot within A horizon samples only). When grouped by horizon, a second pattern developed: in the AB horizon, correlations with Al ox-py began to appear (representing noncrystallines such as allophane-and imogolitetype minerals), and in the B horizon, the correlation between Al ox-py and the weighted soil FM was the most significant present (Table 2b) .
Discussion

A. Organo-metal chelates are important in top meter carbon storage
Although Al ox-py correlates very well with turnover time in other soils (especially Andisols; see [Basile et al., 2004; Torn et al., 1997] [Merritts et al., 1991] .
We consider next the carbon storage potential of these soils by calculating how much carbon could be held if all of the available 'chelatable' Al and Fe (represented as S py ) were bound up in an organo-metal complex. This approach also gives us a sense of the importance of organo-metal chelation in carbon storage. We use the ratio of C to S py to understand how much of the soil carbon is bound in these complexes. To use this ratio, we need to make assumptions about the general charge state of soil organic matter Using approximations from Oades [Oades, 1989] , each OC functional group can be thought of as having ~6 carbons associated with one negative charge. If every OC functional group was bound to a metal ion and all metal ions existed in the +1 charge state (as polycations) the molar C/S py ratio would be 6. This ratio gives a rough estimate of whether enough Al and Fe ions exist in the soil to be a significant influence on soil carbon storage mechanisms: a number much higher than 6 indicates that there is not enough S py to bind up much OC, while a number much lower than 6 indicates currently unused carbon storage potential.
We can raise or lower our estimate for this saturation value of C/S py through a number of assumptions: some OC functional groups will not be sterically available to react with a metal ion (raising the C/S py ratio); more than one functional group can interact with a metal ion (lowering the C/S py ratio); and metal ions can exist as polycations (raising the C/S py ratio) [Oades, 1989] . Bonding of all OC to S py seems to be indicated by C/S py ratios between 2 and 10 [Oades, 1989] . C/S py ratios at the Mattole chronosequence range from 30-50 in the surface of younger soils, to S py values of 4-10 in the surface of intermediate and older soils and below about 40 cm for all soils (see Figure   3 ). This suggests that carbon storage in the surface of less developed soils is not dominated by chelation, but that in surface of more developed soils this mechanism is important, and below about 40 cm, this control may be the single most significant parameter in the system.
B. Significance of amorphous aluminum at depth: A shift in carbon storage mechanisms
We move next from a meter-integrated approach to carbon storage to a perspective that considers storage by horizon. Although little carbon is stored within the Mattole terrace soils' B horizons (1.0 ± 0.7 g/cm 2 in B horizons vs. 4.1 ± 1.9 g/cm 2 in the top meter), soil development and carbon storage are inextricably linked, and considering how carbon and minerals interact deeper in the soil and by horizon gives a mechanistic perspective on carbon storage processes.
From the A to the AB to the B horizon, the significance of the correlation between organic carbon storage variables and organo-metal chelates decreases and the significance of amorphous minerals, specifically those represented by Al ox-py , increases.
In the B horizon, the only mineralogical variable correlated with carbon storage is the concentration of Al ox-py (Table 2b ). This shift from chelation-dominated storage to amorphous mineral-dominated storage is relevant because it is a component of the mechanism that creates Spodosols [Lundström et al., 2000] .
In Spodosols, large quantities of low-and high-molecular weight organic acids chelate Al and Fe in the surface horizons, and the transport of these organo-metal chelates to deeper horizons creates a unique soil morphology, characterized by a white, primary mineral-rich E horizon overlying a dark, organic and sesquioxide-rich spodic horizon. Once chelates reach the B horizon, the organo-metal bond is broken, Al and Fe go on to form amorphous inorganics (like imogolite, allophane, and ferrihydrite), which create new surfaces (and a new mechanism) for organic carbon storage [Lundström et al., 2000; Skjemstad, 1992; Skjemstad et al., 1992] .
Translocation of clays has masked the formation of a spodic horizon within the Mattole soils, but carbon storage appears to remain dominated by the process of formation, transport, and precipitation of organo-metal complexes. The presence of this mechanism outside of Spodosols and the correlation of this mechanism with slow carbon turnover times suggests that the formation and transport of organo-metal complexes may be a significant carbon storage mechanism in a broader range of soils than previously thought. Our radiocarbon results suggest that this process is active in other soil orders, and may dominate carbon storage in acid soils without a visible Spodic horizon. We suggest that instead of being controlled by the presence of a forest ecosystem, this process is fundamentally one of chemical weathering: soils must have experienced enough water flux to leach exchangeable Ca from the system, but not so much weathering as to convert all amorphous and metastable intermediates into crystalline minerals. On a global scale, this process is driven by high enough precipitation to support moist grasslands and forests.
This process is both climate and time dependent: young soils experiencing high rainfall may still have too much exchangeable Ca for this process to be active; on the other hand, old soils under moderate rainfall conditions may be dominated by a pozolization-like process. Carbon storage via Al 3+ and Fe 3+ chelation occurs once a system has experienced enough precipitation to cross a pedogenic threshhold [Chadwick and Chorover, 2001] , flushing out Ca 2+ ions and decreasing the soil pH to a point where Al-hydroxy complexes become soluble enough to engage in the process of organo-metal chelation and transport.
Conclusions
The vulnerability of the Earth's > 1500 Gt of soil OC [Amundson, 2001] 
